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ABSTRACT

Assays for uterine response have played major roles in developing an understanding of
estrogen-fnediated processes and for identifying compounds with hormonal acfivity. '
Data from assays measuring increases in uterine wet {Neight in rats were evaluated in
terms of their dose response characteristics. Analysis using a Hill equation found
inconsistent estimates for the EDy, (concentration giving half maximal respon'se) and n
‘(steepness of resgenae; a:;.:ang the assays. 1his vanapiity reflects disparate assay
profocols and limitations of the dose response data collecfed in the experiments.
Although ut:e%;vet Weight is easily measured, it arises from several physioclogical
processes (e.g. water retention, cell proliferation). This contributes to the assay
variability with different protocols. The potential use of the Hill equation for dose
response analysis to estimate a benchmark dose was also considered using these data
sets as surrogates for receptor-mediated toxicological effects. Strengths and
weaknesses were identified, But overall the Hill equation should likely become a favored
option for determining a benchmark dose, particuiarly when a data set demonstrates a
maximal response. For soresning puTposes, emnimaal analysis using the Hill equation
provides adequate information for classifying and prioritizing compounds. To develop
an understanding of how incremental exposures to compounds with estrogeri agonist
activities would affect intact adult females, quantitative analyses are required that
account for the pharmacokinetics of estradiol and subsequent _5ntera¢tions of the

receptor complexes in regulating the responses.




INTRODUCTION

Uterine responses were among the first to be correlated with estrogen agonist
activity and have continued to be commonly used for identifying estrogen agonists
(Clark and Peck, 1979). Uterine assays have been used predominantly by' the .
pharmaceutical industry to evaluate estrogen égqnist activity of potential therapeutic
compounds. Recently these assays have been included in several proposals for
:screening endocring astive compounds (EACs; for purposes of identifying environmental
" compounds with some potential to cause toxicity by disrupting endocrine function
(O'Connor et al., 1996; Shelby ef al., 1996; Odum et al., 1897). ‘

The most commonly measured uterine response is a change in wet tissue
weight, though endpoints that also have been measured range from responses in whole
tissue or cells to subcellular biochemistry (Table 1). Increased weighf and most of the
other uterine responses studied are not themselves adverse endpoints. Rather they are
of interest as well studied examples of estrogen receptor-mediated effects that provide
insight into issues that likely will arise for receptor-mediated toxicity due to underlying
similarities in hormona! sitnaling processes. Alteratinns in utenne weiaht, while simple
to measure in the laboratory, do not represent a simple or even jUSt a single response
Rather, observed uterine weight reﬂects a variety of processes including alterations in
vascular permeability, water retentlon, cell size, and cell number due to proliferation
(Clark and Peck, 1979; Reel et al., 1996).

Uterine responses have been measured in several strains of rats and mice under
a variety of assay conditions (Table 2).‘ Immature énimals (prior to initiation of estrus
cycling) and ovaﬁectomized adult animals have been tested. Exposure routes have
included oral, subcutaneous injection, intraperitoneal injection and silastic implants with
séveral vehicles. Ddsing frequency and duration (doses per day and total number of
days dosed) as well as the time post-dosing of uterine examination have varied as well.
These variations can sighif céntly impact the results of the uterine assays as observed
with estrial, for example; assaysuszngchﬁeremtmemmshummdmegawe
results (Clark and Markaverich, 1983).

The predominant pharmaceuticat applications of uterine assays have focused o
' classifying compounds as potential estrogen agonists and estimating their potency and




efficacy relative to estradiol (E2) (Reel et al., 1986). Analysis of the results often
involves ldg transformation of the data and fitting it with a straight-line equation in order
to estimate the dose associated with half-maximal response, EDg,. Limited
consideration has been given to development of quantitative information necessary for
prioritization of compounds for further testing or for dose response analysis for use in
risk assessment. The planned, widespread use of this assay argues for sténdardization
of test protocols and more complete evaluation of the dose response relationships.
Thase dess response analysis methods will e applicehle to g range of other assays
involving endocrine-mediated effects, inciuding in vitro assays for receptor-mediated
gene activation (Zacharewski, 1997). _ '

This report characterizes the uterine assay in the context of its potential use for
prioritization of compounds. Implications for dose response analysis and risk
assessment of endocrine-mediated toxicities were drawn, assumin'g that these toxicities
would show similar dose response characteristics as the uterine responses which are
not generai'!y considered adverse effects. It explores the use of the Hill equation for
data analysis and the impact of variations in aésay protocol on the results. Issues
associated with potential application of the Hill equation for benchmark dose (BMD)
approaches aic GESCNosU. 11 1esuits Ui the anaiysis suyyesi ihat experimental design
‘and BMD definition issues need to be resolved. Appropriate consideration of dosimetry
{pharmacokinetics) and mode of action (pharmacodynamics) will be useful for this assay

to reach its full potential in the context of EACs screening and risk assessment.

'METHODS

Dose Response Modeiing:
For this analysis, a specific dose response model, in the form of a Hill equation,

was fit to data on uterine wet weight following exposures to E2 or estriol. The Hill

equation is expressed as: '

m({d} = m(0) + Om * d" / (EDg" + d°)




where m(d) is fhe mean uterine wet weight for dese d, and the barameters m(0) (the
mean wet weight in the absence of exposure), Dm (the maximal increase over
baseline), ED, (the dose giving a response 50% of maximal), and n (often referred to as
the Hill coefficient) were estimated by maximum likelihood techniques (Barlow 1880).
Normal variation around the mean weight wés assumed, in part, reﬂectihg‘,the data that
were reported as mean values and either standard deviations or standard errors; the
degree of variation was allowed to vary across dose groﬂps. The parameter n was
_constrained to be graater than or equal to zere {i.e. a pesitive value). All dose terms
were expressed in terms of pg compound per kg body weight. The fnaximum likelihood
fitting routine was implemented using the solver capabilities in EX‘CEL (Microsoft,
Redmond, WA). Maximum Iikelihood estimates are those most likely to have given rise
to the observéd data, if the Hill equation does in fact represent the appropriate form of

the dose response relationship.

Data Sets:
Data sets selected for analysis were published results of assays using rats dosed

with estradiol (E) or estriol that satisfied the fciiowing criteria:
- it was possible to estimate exposure doses in units of pg/kg;
- sample sizes for each dose group were given (or, at least é relatively small range of
group-specific sample sizes could be inferred);
- = mean wet weights and associated standard deviations could be calculated;
- at least four dose groups were tested and wét weight resulfs were presented for one
or more times after exposure. o o
-The studies satisfying these criteria are listed in Tables 3 - 5 along with information
about the assay method as reported by the authors. |
In almost all cases considered here, the response data (means and standard
deviations) were estimated from figures grabhically depicting the uterine wet weight
vresponse as a function of exbosure. The “digitizing” process that transiated the
graphical ta numerical informatiar is subject ta error. Nevertheless, because this
analysis focussed on evaluating issues (rather thamn formal dose response assessment
of specific compounds, far exampie} the approximate nature of the input data was ‘
considered acceptable.




Modeling Outputs:
_ The results of the modeling that form the basis for the subsequent discussion

consist of the maximum likelihood fits themseives (shown graphically) and the estimates
of the parameters n and EDg,. No confidence limits for the parameters (or for possible
BMD estimates) were calculated. Goodness of fit was determined by applying an F-test
that evaluates the differences between observed and predicted responses, normalized
by the observed, underlying variability.

RESULTS

For a wide variéty of uterine weight assays, the Hill equation was foun'd to fit the
‘ data quite well. Figures 1 - 4 typify the patterns of response and associated model fits
for data obtained following E2 dasing. [n only two of the cases exammed were
goodness of fit p-values less than 0. 05 indicating some lack of consistency between

observed means and model predictions (Table 8). '

Modeling Effects of Assay Variations: ,
As noted in the introduction, the protocois that have been used for uterine assays vary

with respect to species/strain of test animal, age, intact or ovariectomized, route of
exposure, dose vehicle, and number of doses. The quantitative impacts of some of

those differences can be seen in the variations in model fits, as shown here.

Somewhat consistent results can be observed for increases in uterine wet Weigﬁt
| 24 hours after a single E2 injection as indicated by three data sets from separate
laboratories (Andearson et ai., 1972; Kéye er al., 1972; Grunert et al., 1986). Each study
used a fairly similar protocol with intact juvenile rats (see Table 3). The resulting model
fits to these data sets differ some with respect to the predicted “location” and steepness
ofmedoserasponsecuwe The!catxmcftﬂemmzsassaaatedmmemcfme

‘ pmeterED,,,, greater values of that parameter indicating a curve shifted ta the right in '

comparisan to a curve with a smaller ED,, (all else being equal). Steepressis
determined by the parameter n. Larger values of n are associated with curves that

increase more rapidly in the region of the EDj, (i.e. from near-baseline levels to near-




maximal levels). Steeper curves also have a more discemnible transition from dose
regions for which increasing dose markedly increases weight, on the one hand, to
regions for which increases in dose have little effect on weight, because near-maximal
or near-baseline responses have occurred. Values for EDs, ranged between 0.3 and 0.8
ug/kg and values for n were 2 8, 1.3, and 1.0 in these three studies (Table 6). The
difference in the steepness (transition from near-baseline to near-maximal response) is
clear (Figure 1), while the similarity of the “location” of this increase is also apparent

from the very similar values for EDg,

Similarly, greater consistency in the EDs, as compared to the value of n was
observed in the three studies using three daily injections of E2 followed by measurement
of uterine weight 24 hours after the last dose (Lan and Katzenellenbogen 1976; Kneifel
et al., 1982; Odum et al., 1997). Values for EDs, were between 1.4 and 3.1 ug/kg while
n values ranged from 0.5 t0 8.0 (Tahble 6, Figure 2). The maximal increases in uterine -
weight are larger following three doses than a single dose, as are the ED;, values,

though the significance of this latter observation is unclear.

Anderson and his colleagues also examined uterine wet weignis at times other
than 24 hours post-dosing (Anderson et al., 1973; Anderson et al., 1975). At 3 hours
after the single E2 injection dose, the response curve was less steep than at 24 hours
(Table 8, Figure 3); estimates of n for the two sets of 3-hour measurements were 1.6
and 1.1. At 6 hours after exposure, the curve was much steeper (n=3.4) than at 3 h,
though the data of Grunert et al. (1986) at 6 hours do not'support th.is (n=0.47). The '
EDq, values for the two sets of 3-hour measurements (2.2. and 2.6 pg/kg) were similar
to one another and greater than the EDy, estimates for the 6-hour and 24-hour
measurements. These differencas reflect the time courses for the underlying biological
processes; water retention has a maximum around 6 hours while cell proliferation
occurs with a maximum around 24 hours. Notably, the cell proliferation at 24 hours
reflects receptor occupancy at earlier times (around 6 hours post-dosing) rat.her than
ccncurrentcccupancy (ClarkandPedc, 1979; Clark and Marti, 1984).

Dramatic diffarences associated with route of exposure have aiso baern
observed. Odum et al. (1997) exposed immature rats to E2 via subcutaneous injection




(in oil) or via gavage, for three days. The doses were 0.5, 1, 2, 5, 10, 20, 40, 200, and
460 ng/kg for the subcutaneous injections while the gavage study used doses of 10, 20,
40, 100, 200 and 400 pg/kg. The observed and model-predicted uterine wet weights (24
houré after the last dosing) are shown in Figures 2C and 4. The plateau of response is
clear for the highest 6 subcutaneous doses tested, but no clear demonstration of
maximal response was apparent for the oral éxpoéures. The resulting differences in
parameter estimates and curve shapes are striking. For the subc_uténeous exposures,
r*:=8.0 and ED=3.1 ng /kg, whereas for the oral exposures n=1.8 and ED4=230 ug /kg.
This latter ED;, estimate reflacts t.ﬁe lack of a defined maximal response in the data
resulting in a model predicted maximal response (wet weight of 138 mg) higher than any
response observed in this experi;'nent. The model-predicted maximal uterine response
may be unrealistic, but if the maximal increase is restricted using the predicted maximal
increase from the subcutaneous study, a poor fit is obtained with the oral data. The
difference in the ED,, values reflects the markedly different pharmacokinetics of E2
given by these two dase routes (Longcope ef al., 1985; Lobo and Cassidenti, 1992).

Datz Rat 1 imitatinne and Qarpmetsy Ectimatae:

The Hill equation used in this analysis assumes some maximal response (i.e.,
the parameter Dm) constraining the true mean response for all exposure levels. Not
surprisingly, then, the predicted dose response curves are sensitive to the presencé or

absence of a well-characterized maximal response in the data s&: ceing modeled.

The data of Odum et al. (1987) for the oréi study (Figufe 4) are acase in point.
Because the evidence of a maximal response is limited at best, the maximum likelihood
fit predicts a very iarge Eg OF 280 ug/kg and an n of 1.6. in exireme cases, as
exemplified by the uterine weight ?esponses aﬁér repeated subcutaneous estriol
exposure (déta of Lan and Katzenellenbogen 1876; Figure 5A), the data display only
upward curvature with respect to uté:ine wet at the tested doses. Resulting EDe
estimates ars extremely large (79000 pg/kg in the case of Figure SA) and the pradicted
maximal respontse is biologicatly unrealistic (200 g for the data in Figure 5A). Without
additional data or reasonable assumptions about the maximal respanse, such modeling

might be considered meaningless. In fact, Lan and Katzenellenbogen (1976) also




tested ethinyllestriol cyclopental ether under similar conditions and established an
estimate for the maximal response (for their particular test animals under the conditions
of their experiments) of 120-140 mg wet wéight (compared to the corresponding
maximal response of about 80 mg as shown in Figure 2B for E2). If 120 mg is assumed
to be the maximum response for estriol induced uterine weight and the rﬁodel is refit to
the data , the resulting curve shape is minimally different (Figure 5B), but the EDs,

estimate is a less unreasonabie 350 pg/kg.

In addition to data on the maximal response, model determination benefits
greatly from having data constraining the values of n. Data points around the EDs,
dose, displaying intermediate levels of response, are very helpful in this regard. The |
data from Anderson et al. (19?3) for the single E2 exposure and uterine weight
responses 3 hours after exposure (Figure 3A) provide an excellent example. The data
pﬁints correspanding to thé 1 and 2 ugrkg doses define how steeply the curve must be
between the near-baseline and near-maximal responses observed ét the other doses.
The data for the 6-hour uterine response from the same study (Figure 3B) lack such
intermediate response data noints. The valua nf n (estimated to be 3.4) in this case is
constrained from below since lesser values of n would not allow for the increase in
response from near-baseline to near-maximal responses between 0.2 and 1 nug/kg. The
value of n could, however be somewhat larger, resulting in a steeper curve. Similar
observations pertain to the data in Figure 2C. '

DISCUSSION

The recent interest in endocrine-mediated toxicities has raised questions about
effective hazard characterization and dose response assessment for EACs. Uterine
responses continue to be widely used for evaluating compounds for estrogen receptor-
mediated activity and have been propased far screening to identify compounds with
endocrine activity (Reet ef af, 1996; Shelity et af., 1996; Odunt et at, 1997). Therefare,
' data fram uterine response assays were reviewed for three purposas: to evaluate use
of the Hill equatior with receptor-mediated responses as an option for empiricat dose:
reéponse analyses. to evaluate some aspects of the use of this assay for screening




purposes, and to determine data needs for developing a biclogically-based quantitative

understanding of the dose response for uterine changes in vivo.

Use of the Hill Equation:

The Hill equation was originally used to model oxygen hinding to hémog!obin and

subsequently has been widely used as a model of receptor occupancy (Barlow, 1980).
Though estrogen-mediated uterine responses are receptor-mediated, the relationship

between receptor occupansy and recponce is not o simpic cne. Therefore, the Hill
interpretations should be interred trom estimated vaiues of the equation parameters.

The Hill equation was used in this analysis because it possesses several useful
characteristics for fitting experimental data: 1) it has a maximal response rate; 2) it has
the flexibiiity to describe a variety of curve shapes; and 3) certain of its parameteré n

and EDg,) are invariant to common transformations of the response data (e.g.,

expression of the weight responses as percentage of controls). It should be noted that

other moaels proposea tor mogeiing Continuous enapoints such as a polynomial or
Weltul msac (wincn SOnsrainda I 5C monditnisany widitasng; cannct fit the
sigmoidal shapes implied by the existence of a maximal response. Other options, as -
exemplified by the Hill equation, are ciearly required when the existence of maximal
responses is expected. Murrell et al. (1998) have argued in favor of use of the Hill
equation for a range of continuous ehdpoints all 'associated with receptor binding and,

therefore, presumed to have a demonstrable maximum response.

The existence of a maximal response might appear to be a reasonable

assumption for effects such as uterine wet weight, but the experimental data are

inconsistent. Severa! of the studies discussed zbove ciearly damonstrated a piateau in

uterine wet weight for the highest doses teste_d'(see Figures 1A, 2C, 3B). The
implications of model estimation in the ébse_nce of a clearly established plateau of
respanse (See Figures 18, 2A, 28, 4, 5} are, however, among the major issues still to

be resolved. As shown abave (in relation to the discussion of the estriol data of Lamr and
Katzenéilenbcgen, 1976; Figure §), a “reasanable” maximum could be imposed on the '

modeling (i.e. fixing the value of Dm), thereby constraining the model predictions.
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Whether constraining the maximal response would alter estimates of lower bounds for
use in a BMD analysis has yet to be determined. However, the maximum response
varies due to experiment- and compound-speciﬁé pharmacokinetic and
pharmacodynamic differences, so it is unclear if a “reasonable” maximum always can be

determined.

The value of the parameter n is associated with a potentiaily im;:iortant feature of
the shape of the dose response curve. When n equais 1, ihe predicied curve is linear at
l.ow doses; for values iess than 1, the curve is “supraiinear” at iow doses. Moreover, for
n < 1, there is no inflection point indicating a transition from convex to concave
curvature. When n is greater than 1, then low-dose sublinearity holds and the inflection

point does exist. The expectation of low-dose linearity has been proposed in' the new
cancer risk assessment guidelines as the basis for deciding how acceptable exposures
are to be determined, whether by linear extrapolation ar by margiﬁ of exposﬁre methods
(EPA, 1996). Should such decision points be considered for EACs, the estimation of the

parameter n might become criticai.

Data Needs with the Hill Eguaticii:

Specific suggestions can be made with respect to the type of data collection
(experimental design) that would improve estimation of n and the other parameters of a
Hill equation applied to uterine assay data. Clearly, there is a need for more than a
control group and three positive dose groups. Such a design will seldom characterize all
the features of a dosé response curve with a maximal response and, potentially, a
nonlinear low-dose shape. It is recommended that designs of uterine assays be able to
characterize the following key features: |

1) The maximal response. ltis crucial that the maximal response, .if it exists, be
reasonably established. As discussed above (in relation to Figure 5), failure to do so
may adversely affect the estimation of EDs, and n. Conversely, model-dependence on
an erraneausly estimated maximum could alsa bias estimates of thase same
‘parameters. Twa or three dose groups may be required to establish the prasénce of
and deténnirte the value of the maximal respanse.

11




2) Region where responses are changing rapidly. This region lies on either side
of EDg,. Determination of the steepness of the increase in response is directly related to
estimation of the parameter n. Another two to three dose groups might be best for the

characterization of this region. . , . ‘ -

3) Range of doses with near-baseline responses. Determination of this range
helps to determine if an inflection point is required in the dose response curve, i.e.,
.whether a linear or noniinear curve can explain low-dose behavior. The estimation of
both n and EDg, would benefil frem twe fo three dose groups establishing the

boundaries of this region.

When the goal of an assay is to establish a dose response pattern and estimate
doses corresponding to specific response levels, as opposed {o testing to determine
whether group means are statistically similar or not (which is the basis for establishing a
NOAEL), fewer animals per group can be used. In fact, designs with more groups and
fewer animals per group (keeping the total number of animals constant) are preferable
from a dose response modeling perspective. Cric impsiant prerequisite for widespread
application of uterine assave fnar screening potentisl FACs is a ressarch effort
specifically addressing the question of optimal experimental design. Such an effort
inight include a simulation study that considered number of dose groups, their
placement {spacing), and group-specific sample sizes for optimal modeling of responses
whose dose response behavior is described by a Hill equation. Such an effort would
élsq need to consider the impact of compound specific vaﬁgtions in pharmacokinetics,
which, as illustrated for E2 and estﬁoi, have a major impact on the data obtained."

Such a simulation presupposes that other aspects of the uterine assays have .
been standardized. As suggested by the results above, variations in the {iming of
uterine measurement, number of exposures, and route of exposure (among others), can

‘lead to differences in estimates of the dose response pattern. Ideally one first should
determine the desxgn mast taxicalagically relevant to widespread screenmg of potential
EACs. Then the details redatad to numbers of dose graups and sample sizes can he
developed.

12




Benchmark Dose Estimation:

One potential use of the Hill equation would be to estimate a BMD for use in
dose response assessment. The uterine responses evaluated here are not adverse
effects so they are unlikely to be used for this purpose, but these data sets may be
considered representative of data for receptor-mediated adverse responses. Therefore,
they were used for evaluating some of the issués_of applying the Hill equation for a BMD

analysis.

Traditionaily, the reference point téken from experiments like the uterine assay
hés been the NOAEL. The limitations of the NOAEL are well known, and BMD .
estimates of one sort or another have been proposed (Crump, 1984, Barnes et al.,
1995; Crump, 1985; Murreli et al., 1998). No specific BMD estimates have been
calculaied in this analysis, but we consider here some of the options that are available in

the context of the uterine aésays and Hill equation modeling.

Uterine wet weight is a continuous variable. Such variables do not lend
themselves directly to the ideas of “additional risk” or “extra risk” that have been the
basis of BMDs define for quantal (incidence) type endnaints (Crumn, 1984;' Bames et
al., 1995; EPA, 1995). Rather, with a continuous endpoint, the effect of exposure is to

shift the vaiue of mean response.

One direct way to define a BMD, then, would be to define it as the dose
_corresponding to some fixed change in the mean, either an absolute change or a
change relative‘ to the background mean (percent change) (Crumb, 1984). In analyses
of body weight changes, for example, the toxicological rule of thumb that a 10% drop in
the mean weight is an indicator of effect can be used as the motivation for defining the
BMD to bé the dose associated with a predicted 10% chénge in body weight. Clearly,
were one to define BMDs for uterine weights on this basis, some careful consideration

would need to be given so as to ensure that the selected changes were biologically-
meaningful respanses.

Options based on absolute ar retative change ignare the amount of variability
- around the mean values. To the extent that such variability is related to what is
considered “normal,” those approaches ignore important information that might help

13




deﬁne what is toxicologically meaningful. Approaches to defining BMDs that take
variability into account have been proposed and could be applied to the uterine wet
weight responses. For fetal weight changes in developmental toxicity assays, Kaviock
et al. (1995) (Kaviock et al., 1995) proposed direct normalization of changes in mean
responses by a standard deviaﬁon measure (e.g., the standard deviation of the control
group). Crump (1985), elaborating on an idea presented by Gaylor and Sfikker (1980},
demonstrated how changes in the mean can be related to probabilities of “adverse
résponse," WiEre ari agverse respanse is ¢efined as being ona in: the tal’ of the
distribution of responses. This approach has been referred to as a “hybrid” approach,
because it models the changes in the means of a continuous variable but expresses
BMDs in relation to probabilities of response as \is done for a quantal (incidence)
variable. Crump (1995) also showed that the approach using direct normalization by

standard deviations and the hybrid approach are interchangeable.

The desirable features of the hybrid approach include the fact that BMDs are
expressed in terms of extra or additional risk, providing a direct link fo quantal
endpoints, and that it requires toxicologists to define what is considered adverse or
abnormal. Inthe FANTavT ot tenne wat weight nowavar some care would have to be
given were this option to be pursued. Suppose, for example, that the maximal response
was defined as the criterion distinguishing normal from abnormal responses. This is not
an unreasonable choice; it should represent a high-end observation. If the model
correctly predicts the maximal response, then the maximum predicted probability 6f
response for an individual will always be less than 50%, no matter how large the dosé
‘may be. This is true because the model predicts that the maximé! response is the

limiting mean value.

The previous discussion does not imply that a risk near 50% would or should be
considered in defining a BMD. But it does indicate that, no matter what the cutpoint, the
probability of respénse does not increase to 100% as exposure levels increase, as
wauld be expected of & quantal endpaint. ' The existence of # maximaf mean respanse
alters the refationship between quantal endpaints and cartinuaus endpoints that has.
been one key element supporting the use of the hybrid approach. Nevertheless, with
careful consideration of the implications of the existence of a maximal response, use of

14




the hybrid approach for uterine wet weight effects would have the advantage that the
BMDs would be directly comparable to BMDs derived for continuous (and quantal)

endpoints for other types of toxicity.

A third option for defining a BMD is based on the estimate of the maxim'all
response. For example, the EDq, in the Hill equation predicts the dose at which the
average response is half-way between the baseline and the maximal responses. Other

EDsx parameters are directly related to EDg, through the paraimeter n. In fact,
EDyooe = EDsgo [x/(1-x)]™

for x between 0 and 1 (e.g. for x = 0.1, ED g = EDyo = 0.11EDs, for n=1.) As canbe
seen from this equation, other ED,q, values are sensitive to the steepness of the dose
response curve represented by the value of n. Such sensitivity might recommend a
value like ED,, rather than EDg, itself as the basis for the BMD estimate.

Use of ED,ox as the definition of thé BMD would be different from the first two’
options, i.e. it is not a ﬁxéd change from baseline, nor does it correspond to a fixed
probability of response. Seiecton of an ED, 4, vaiue as the definman of the BMD couid
be reasonable if a sound toxicological interpretation was associated with being some
portion of the way between baseline and maximal mean resporises. Such an
interpretation would be unique to the uterine assay response and any other responses
that éventgally might be modeled with an equation having a maximal response such as
the Hill equation. Thu.s. direct comparison of such BMDs to those for endpoints of other
types of toxicity would not be possible. Nevertﬁeless, within the context of EAC R
screening, a specific ED,q,, value with confidence limits might be useful for prioritizing

additional testing.

Evaluation of protocols for studying uterine responses:
Uterine responses have been used for evaluating activity of compounds and for

research on estrogen-mediated. processes. Variations in assay methads and the
responses obsarved, whid:tarevbﬁeﬁy‘ raviewed here, play a major rale in the disparate
dose response behavxors abserved. ' , '
Studies'in’ rcdents have used two major animal models, immature animais prior
to initiation of cycllng and ovanectomxzed adult anumals. Although the data in this paper
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were restricted to studies with rats, mice have aiso been used extensively (Shelby et al.,
1996). ,Neonafal animals have been evaluated, but are used much less frequently
(Sheehan et al., 1981; Sheehan et al., 1995).

In addition to ovariectomy status, there are a large number of variations in the
methods used for the uterine response assays (Table 2). These variations fail into three
areas - exposure regimens, the test animals, and responses observed - all of which
affect or reflect both the pharmacokinetics of the chemical being studied and the
pharmacodvnamics of the response.

The intluence of exposure regimen on the role ot pharmacokinetics in the uterine
response assays was demonstrated by induction of uterine cell proliferation with estriol
folldwing a single injection in oil, but not in saline (Clark and Markaverich, 1983).

, \Ph_armacokinetic diﬁerénces, of the kind illustrated by dosing with E2 in sali'ne or ail
(Figure 6) (Jensen' and Jacobson, 1962), likely account for the varied responses with
estriol dosing. Qil dosing led to peak levels of E2 in uterus at 6 hours, a time at which
receptor occupancy has been carrelated with the ce‘u. proliferation résponse observed at
24 hours (Jensen et al., 1866; Anderson ef al., 1972). Peak levels with saline as vehicle
occurred much eariler. The protocc! of G'Connor at ail. (19987 used muitinie daily doses
to minimize the chaiic8s {..28 iapiuiy wicaicu dywnew wuuns we nussed in the uterine
assay. Silastic implants and other methods have been used experimentally to produce
continuaus exposures (Markaverich et al., 1984; Sheehan ef al., 1984; Medlock et al.,
© 1991). None of these exposure methods mimic the sustained and increasing
concentrations of E2 that occur during estrus cycling, though the prolonged release from
siiasiic implants is somewhat more realistic in this regards. '

The doses of E2 {given by s.c. injection in saline vehicle) that are frequently used
‘ in uterine response assays have a steeply decreasing bicod time course (Figure 7).
Much higher biood concenirations are échiévéc‘ for short pencds than those found in
immature females -or durihg the estrus cycle. For example, during the estrus cycle biood
concentrations of E2 were reported to range between 6 pg/ml (0.022 nM) and 48 pg/mi

(0-18 nM) producing a range of 8-foid during the cycle (Smittt et-al, 1975). Serum E2
levels int immature femates (19 - 25 days) show generatly similar levels and variations
due to circadian rhythms and develapmental changes (Dohler and Wuttke, 1975; Dohler
and Wuttke, 1976). Subcutaneous injection doses often range between 0.01 and 5 ug

per rat (equivalent to 0.2 - 100 ng/kg for an immature rat of 50 g). Subcutaneous
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injection of 3 ng/kg (0.1 ug /30 g rat) aqueous E2 gave blood levels ranging from 3
down to 0.4 nM over 2 hours (Jensen and Jacobson, 1962), while i.v. injection of 2.5
ng/kg (0.25 ug/100 g rat) in water produced blood levels ranging from 13 down to 0.09
nM at 4 hours (Eisenfeld, 1967). Thus, ihtermediate doses by injection produce E2
blood levels that exceed, then approximate, those during the estrus cycle, with a profile
over time (decreasing hormone following a peak exposure) essentially opposite to that
oceurring during cycling (e.g. constant - estrus, metestrus - or increasing levels -
diestrus, proestrus). ,

Effects of animal selection on pharmacodynamic differences are illustrated by
comparing aduit and juvenile rats and rats ovariectomized for varying lengths of time. In
adult ovariectomized animals, cell proliferation occurs in the epithelial and stromal cells
of the endometrium, while in immature juveniles it occurs in all uterine cgll types
(Murphy and Ghahary, 1890). In ovariec;tomized rats, the weight of the uterus drops off
steadily over several weeks reflecting adaptation to the lcss of endogenous estrogen |
(Sheehan et al., 1984). These pharmacodynamic variations arise from genuine
differences in estrogen responsiveness during the life of the animal and likely affect the

dose response characteristics of the different assayv protocois.

Uterine responses:

Assays for estrogen agonist activity have largely focused on readily measured
endpoints, water retention and tissue wet weight (Reel et al., 1996). A few other
endpoints, such as increased epithelial cell height have been included in some
‘screening assays with juvenile and adult animals (Braﬁham et al., 1993; O'Connor et al.,
1996). .

A much larger number of responses have been evaluated in mechanistic studies
of the regulation of uterine responses in juvenile or adult animals by the estrogen
receptor (Table 1). Activation of responses to estrogen agonists requires coordinated
a;xd sequential responéeé. invalving numercus genes (estimates range as high as
‘several thousand DNA sites per cell nucleus involved in ER binc;ing). Same of the
differencas in dose response observed for different endpoints likely refiect the
underlying gene regulatory prbcesses - for example, induction of single proteins as
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compared to outcomes, such as increased epithelial cell height or uterine cell
proliferation, that require altering groups of genes. '

_ Classically, uterine responses were grouped temporally as early and late
responses ’in relationship to a single dose of E2. The early responses ihclude those
required to recruit quiescent (GO) cells and prepare them (e.g. synthesié of ribosomes or
¢-fos mRNA and protein) for the subsequent cell pfo{iferation response (Figure 8)
(Musgrove and Sutherland, 1994; Altucci et al., 1997). Other early résponses such as
alterations in blood flow and vascular permeability for eoczn:phxis or progesterone
receptor induction, are ceilular and t;ssue changes preparatory for events accurring
fonowmg ovulation or impiantation of a fertilized egg (Huet and Dey, 1987).

This empirical grouping is useful, pamcu!ariy, due to the identification of short-
acting estrogen agonists (Clark and Markaverich, 1983). These are compcunds such
as estriol, which stimulate eariy events following a single aqueous dose but not cell -
proliferation due to some combination of more rapid clearance and lower affinity for the
estrogen receptor. Thus, it has been demonstrated that single doses of both E2 and
estriol activate ‘immediate-early’ genes (e.g. c-fos. c-mvc;. but that additional estrogen-
regulated cell cvcle reguiatory events are recuired to comtiete G1 and enter S phase
(i.e. DNA syninesis, a aw” cvent) \wolse-viiviicn &1 ai., 1900, Stancei et al., 1884).

The ordering of events as early and late reflects the time following estrogen
dosing and can be very different from that occurring in vivo during the estrus cycle. -
Increased blood ﬂéw, for example, is an “early” event occurring rapidly following
estrogen injection, but it occurs late in the cycle, in proestrus. Only at that point are
‘.there high enough E2 blood and uterine céncentrations to form sufficient ligand-
recebtor—DNA complexes to acti'vate this response (Clark and Peck, i979' Kerr et al.,

suggested to be an important evert late in the estrus cycie affecting :mpianﬁatxon {Huet
and Dey, 1887). Similarly, cell proliferation occurs during latér times in the estrus cycle,
diestrus and proestrus, when there are increasing E2 concentrations (Kaye et al,, 1872).
. The ardering of events lsading ta celf profiferation s likely to be largely the same
regardi&es of cantinuous i mcreasmg ofr puisatile expasures. chever the ordering of
essentxauy xndependent events (e.g. increased blaod flow, ecsmcphxl infiltration, cell
proliferation) may vary with the different expcsures, their associated pharmacokinetics,

and resulting occupancy of receptors and DNA sites for gene regulation.
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Whiie.measuring wet weight is technicaily simple, the underlying processes are
not, so different compounds do not all produce identical effects with identical time
courses. Uterine wet weight at 6 hours'is considered a measure of water retention while
at 24 hours it is typically considered an indicator of cell proliferation. However, these
characterizations were derived from the time course of injected E2 and they do not
necessarily hold for other compounds. For example, coumestrol causes increases in

uterine wet weight 24 hours following one or two daily doses (Markaverich et al., 1995;
Odum et al., 1997) but no increasa in DNA sortent was cheerved following the single
dose (Markaverich et al., 1995) (B. Markaverich confirmed that the labels in their Figure
3 were reversed - no increase in DNA content was observed). Whether this indicates
that coumestrol is a short acting estrogen like estriol or has gene-specific agonist
properties has not been adequately addressed. In addition, the time course can be
dose dependent so that the times associated with maximum effects may vary (Reel et
al., 1996). These pharmacckinetic and pharmacodynamic factors will influence the
apparent relative potency of differént campounds, and will lead to séme differences with

variations in assay protocols.

Dose Response Analysis for Uterine Responses:
Empirical analyses based upon administered dose provide a rapid method for

evaluating the relationship between dose and response and will continue to be widely

used. As demonstrated by the analyses presented here, they provide essentially no

basis for understandidg the dose response characteristics of either the intact cycling

system or the artificial screening systems (e.g. ovariectomized feméles). As long as

uterine response assays are used strictly a screening tool for identifying and pribriﬁzing |

~ which compounds shiculd undergo more comprehensive tesiing for {heir potentiai {o
cause endocrine disruption, the empirical analysis is adequate.

While uterine responses are not adverse endpoints that might be used in human
health risk assessment, they have been useful for evaluating issues that would arise for
adverse receptor-mediated endacrine endpaints. Forsuch effects, the empiricat

- analysis will be of limited utility and furtherwork would be required ta describe the
factors creating the dose response behavior. Biclogicat respanses result from a series
of"steps that begin with exposure to a compound, followed by its absorption, distribution,
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metabolism, and elimination, i.e. pharmacokinetics,'which are then followed by the
series of biological events (i.e. pharmacodynamics) leading to the final response. By
including these intermediate steps in dose response analysis it becomes possible to
understand which factors control the extent of response and to rationalize and integrate
responses observed under different conditions (i.e. different dosing regimens or different
compouﬁds) (Clewell and Andersen, 1887; Conolly et al., 1988).

Such a biologically based gnaiysis would provide a context for interpreting the

_dose response reiationsi1i§s gbserved in ifie various uienne responss assays. For

example, the injéction route typically used in not terribly relevant for human health risk
assessment absent appropriate dose-routé extrapolations. ltis st <ing that serum E2
concentrations change by only about 4- to 8-fold between ﬁaximum and minimum in
cycling rats. Yet, many, though not all, of the uterine assays showed changes in
response over much wider ranges raising questions about their relationship with normal
physiology in adult cycling rats.

A fundamental question conceming risk assessment for EACs is what effect
incremental exposure ta avngannue aamnnnnds will have on intact animals, i.e. animals
with endogencug produntion »f £2 To zddrass this isrue it is necassary to start by
evaluating the ettects or exposure 10 k£, Decause tnis characterizes the physiological
system with which the EAC must inieract. A physiologically-based pharmacokinetic -
model for E2 has been developed (Plowchalk, 1998) and provides a start on this
process. This model can be extended to incorporate other exposure methods such as
silastic implants and injection that have been widely used for uterine.response assays.
Data also needs to be collected under conditions that better mimic endogenous E2
production — for examble; silastic implants produce increasing‘serum E2 during their first
day of implantation (Sheehan et ai., 1984). The pioneering studies of Clark and
coworkersb sytematically varied E2 doses anc times at which respgonses were }
determined (Clark and Peck, 1979). This approach was invaluable to establishing mﬁch
of what is known about the relationship between hormone levels, receptor occupancy,
and response. New studies that utilize the cantemparary malecular hiclogical toais.in
the cantext of E2 dase and time cauld pravide substantial informatian to unravel the:
factors that quantitatively contral the dose respanse behaviors of this system.
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Conclusions:

This analysis highlighis several‘key decisions that need to be made when
considering the use and widespread application of the uterine aséay for screening
potential EACs. The empirical dose response modeling with the Hill equation
demonstrated differences among estimates o.f‘parameters that reflect, iﬁ part, widely
disparate experimental protocols. Standardization of the assay wouid reduce the
potential for éuch confounding and make comparisons ameng compounds more
r-neaningful. The specific design suggestions cfferad abcve would improve the accuracy
and precision of the empiﬁcal anaiysis and would help avoid pitfalls associated with
peculiar model predictions (e.g...unréasonably high predictions of rhaximal response).
This analysis identified several issues that will need to be resolved if the Hill équat}on is
to be used for obtaining a BMD for use in risk assessment based upon adverse
receptor-mediated endocrine endpoints. Attention must now be given to detérmining the
definition of the BMD that is tokicciogi’cany meaningfut and will most satisfactorily meet
risk characterization needs. Finally, we described approaches to developing an

_understanding of the physiological processes controiling the extent of response in intact
adult animals. To da{e, pharmacokinetic faciors that infiuence response have been
qualitatively identified (i.e. effects of oil versus saline vehicle), as have some early steps
in the receptor-mediated response process. Development of a sound quantitative
description of the uterine response to EZ would form a better baéis for then evaluating

the effects of exposures to other compounds with agonist or antagonist properties.
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Table 1
Uterine Responses

Early _
Hyperemia (increased blood in
uterus)

Eosinophil infiltration

Water retention

Albumin accumulation

Increased glucose metabolism
Increased RNA polymerase activity
Synthesis of enzymes

[ncreased synthesis of histone and
nonhistone proteins

increased c-fos,c-myc, cyclin-
dependent kinases, cyclins,
insulin-like growth factor-1
mRNA and/ar protein

decreased cjun mRNA

References:

Late
Several of the early response .
continue for extended periods

Increased protein and RNA-synthesis
Cellular hypertrophy

DNA synthesis and mitosis

Cellular replication

Clark and Peck, 1979; Murphy and Ghahary, 1990; Bigsby and Ui, 1994; Altucd et al., 1997
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Table 2
Common Variations in Uterine Response Study Methods

Animals
Species
Strains
Age'

Animal status

- Exposure

Route
Dose matrix

Number of days dosed
Number of doses per day

Time to sacrifice (post dosing)

Rats, Mice
Sprague-Dawley, Wistar, others
Aduilt, juvenile, early postnatal

Intact or ovariectomized;
Time since surgery (1 day to 3 weeks)

oral, subcutaneous injection, -
intraperitoneal injection, silastic implants

water/saline, metﬁyi cellulose, oil (clive,
arachis)

1,3,4,5
1,3
6, 24 hours, other
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Refereni:e
Anderson et al., 1972
Anderson et al., 1973
Anderson et al., 1975
Grunert et al., 1986
Kaye et al., 1972

Notes:

Table 3
Single Estradiol Exposure Studies

~Test Animals Dosing®
fmmature (21-23 days) SC (Nadl): .
Purdue-Wistar 0.2,1,2,8, 20,50
Immature (21-23 days) SC (Nacl):
Purdue-Wistar 0.2, 1, 2,8, 20,50
Immature (21-23 days) SC (Nadl):
Purdue-Wistar 1.8, 18, 182
Immature iv.:0.01,0.1,1, 10, 100,
Sprague-Dawley .- 300, 1000
Immature (2Q days) i.p.: 0.0Q15, 0.015, Q.15,

Wistar 1.5, 15, 150

Time of

Measurement
(hours post-dosing)
24°

3,6°

6, 24

24

? Dosing Routes: subcutaneous (SC), Intravenous (i.v.), Intraperitoneal (i.p.). Dose values given in

ug/kg. In many cases these are estimated, sometimes very grossly, based on information on dosage
(1g) and body weights.
® Other time points induded in paper were not suitable for modeling.
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Reference

Branham et al., 1993
Kneifel et a/., 1982

Lan and
Katzenellenbogen,
1976

Odum et al., 1997

Notes:

Table 4
Multiple Dosing Estradiol Studies

Test Animals

Immature (20-24 days) -
Sprague-Dawley

Immature (19 d'ays)

_ 'Sprague-Dawley

Immature (20-24 days)
Holtzman

Immature (21-22 days)
Alpk: AP

{ng) and body weights.

Daosing*

SC (oil) x 5: o
0.017,0.17, 1.7, 17, 167,
1667

SC {oil) x 3:
0.6, 1:6, 2, 6, 20, 60, 200,
600

SC(NacCl) x 3:
1,2, 6, 20, 60, 200

SC {(ail) x 3:
0.5, 1, 2, 10, 20, 40, 200,

400

Gavage (oil) x 3:
10, 20, 40, 100, 200, 400

Time of
Measurement

(hours after last

dosing)
2

24

24

24

? Dose values given in pg/kg. In many cases, these are estimated based on information on dosage
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Reference

Estriol ' -
Anderson et al., 1975

Lan and
Katzenellenbogen, 1976

Table 5
Studies with Estriol

Test Animals Dosing*®
Immature (21-23 days) single SC (Nacl):
Purdue-Wistar 1.8, 18,182
Immature (20-24 days) SC (Nacdl) x 3:
Holtzman 20, €0, 200, 600

Time of

Measurement.
(hours after last
dosing)

3

24
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Study Type

Single E2 Exposures

Multiple E2 Exposdres

Estriol Exposure

Notes:

Reference®

Anderson et af., 1972
Grunert et al., 1986
Kaye 2t a!.,v 1972 .
‘Anderson et af., 1973
Grunert et al., 1986
Anderson et al., 1975

~ Anderson et al., 1973

Kneifel et af., 1982

Lan and
Katzenellenbogen, 1976

Odum et ai., 1997
Odum et al., 1997
Branham et al., 1993

Anderson et al., 197;’51

Lan and
Katzenellenbogen, 1976

. Table 6
Hill Equation Parameters, n and ED, Fit to Uterine Weight Data Sets

Goodness Parameter Estimates.

of fit

p-values
(24) .18
(24) . .35
(24) .68
(6) 35
(6) ' 995
@ - o
(3) 46
(24) .14
(24) .09
(24)-sC "~ .005
(24) - gavage .08
() 77
@) .
(24) , <.001

' * No degrees of freedom for assessing fit. Visually, fit is perfect.

n
2.8
1.3

0.92
34

047

1.1
1.6

0.72
0.48
6.0

1.6
0.42

1.6

1.6

* In parentheses are the hours after last dosing at which time uterine weights were measured.

EDqg
0.71
0.29
0.74
-0.49

0.1

2.6
2.2

1.4

2.7
3.1
280
1500

2.7
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Figure 1: Uterine Wet Weight at 24 Hours Following a Single Injection Dose of E2.
Responses at 24 hours are largely cell proliferation. A. The data of Anderson et al. 1972 were
normalized to percent control response using 30.8 = 1.4 mg for uterine weight in control -
animals. B. Data from Kaye et al. 1972 was normalized using a value of 22 = 1.5 mgq for
uterine weight in control animals.

Figure 2: Uterine Wet Weight at 24 Hours Following Multiple Injection Doses of E2.
Responses at 24 hours following multipie doses of E2 are largely cell proliferation. A. Data
from Kneifel et al. 1982 B. Data from Lan and Katzenellenbogen, 1976 C. Data from Odum
et al. 1997.

- Figure 3: Uterine Wat Waeight at 3 or 6 Hours Fellowina
A. Response at 3 hours iz pradominantly water ratantion. B

water retention. Cata from Anderson et al. 1973

3 S.. ala Iniection Dose of E2.
£ hour darz is the maximum for

Figure 4: Uterine Wet Weight at 24 Hour Following Three Oral Doses of E2. Data from
Odum et al. 1997.

Figure 5: Uterine Wet Weight at 24 Hours Following a Single injection Dose of Estriol.
A. Fit of Hill equation to the data without constraint on maximum uterine weight. B.
Constraining the value for Dm, maximum uterine weight, alters fit. Data from Lan and
Katzenellenbogen 1976. ‘

Figure 6: Uterine [*H]E2 Following Dosing With E2 in Saline or Qil. Subcutaneous

injection of E2 in saline resulted in ranid uptake prolonged through about 2 hours.
‘Subcutaneouys iniection of £2 in qil rasultad in slow nrr\lnnnnd nnf:lfn mfo the Ute’US

jectior
%215 (23 days o)

Intravenous injecuan of £2 in 3iin S U
were injected with C.1 13 :2 Cpproaimoly 2,;;,’5\,, ”\e:.‘....a S Jansen 1962,

16.-..‘ e u-.,-. "!:* .

e~
t CJU

Figure 7: Blood and Uterine E2 or Estriol (E3) Equivalent Concentrations Following s.c.
Injection in Saline. Hormone equivalents were calculated and concentrations estimated
based upon reported radioactivity per gram dry tissue following dosing with 0.1 ug hormone
per rat (Jensen, 1966). Analysis of tissue radioactivity at 2 hr found the uterine radioactivity

to be exclusively parent hormone. Radioactivity in blood was predominantly water soluble
conjugates (56% and 61% following E2 or £3 dosing, respectively). The ether scluble fraction
(14% and 9% following E2 or £3 dosing, respectively) was distributed among estrone, E2 and
E3 following E2 dosing (data not presented for E3).

Figure 8: Uterine E2 Exposure and Response. E2 is taken up by the uterus and binds to
the estrogen recepior (R). Cimer of the & EZR compiex bir nds with estrogen response elements
'(ERES) in DNA and accessory grgteins. Several 7 7ESLORSES OCCUITInG 500N arter s.C. injecﬁ'on
dosing are illustrated - water retention, induction of progesterone receptor, and induction of
proteins and RNA in preparation for cell cycling. Cell proliferation is a late event which occurs
only in the presence of products of the early responses and continued occupancy of gene
regulatory sites by E2R.

31




- 210 -

Uterine Wet Weight (% control value)

150

190

170

i 3 - —

130 A

110

QOW

1
Dose (uglkg)

10

100

1000

1A

+ Observed
Predicted
Control Mean

------ Control SD



170 -

Uterine Wet Weight (% control vaiue)

190 4

180 1 -

130

110

o0 I

70

]

50

0.001

0.01 0.1 1 10 100 1000
Dose (ug/kg)

1B

¢ Observed
Predicted
Control Mean
------ Control SD




Uterine Wet Weight (mg)

160

140

120

100

- 80

- 60

40

20

I

1

Dose (ug/kg)

2A

¢ Observed
Predicted
Control Mean
------ Control SD




Uterine Wet Weight (mg)

160

- 140

120

~10Q

20

2B

¢ Observed
Predicted
Control Mean
------ Control SD

0.1

10
Dose (ug/kg)

100

1000




120

Uterine Wet Weight (mg)

166-'

140

(3 M

100 A

80 -

60 -

---------------------------------------------------

40

D R I I T A T T R I A I I R I R I A R R I I )

20

h 1

2C

¢+ Observed
Predicted
Control Mean
------ Control SD

0.1 1 10 100
| Dose (ug/kg)

1000



Uterine Wet Weight (mg)

3A

70 -
60 -
50 -
40 | ¢+ Observed
Predicted
Control Mean
30
------ Controt SD
20 4
710 .
0 v T ! '
0.01 0.1 1 1o 100

Dose (ug/kg)




Uterine Wet Weight (mg)

70 -

60 A

50 -

40 A

30

20 -

10 -

0.01

0.1

Dose (ug/kg)

10

100

3B

¢ Observed

- Predicted

: Control Mean
------ Control SD




Uterine Wet Weight (mg)

140

120

100

o o 0
o (=] o

N
o

10

Dose (uglkg)

\
i

100

1000

+ -Observed
Predicted
Control Mean
------ Control SD




Uterine Wet Weight (mg)

5A

" 140 -
120 -
100
80 . Observed
Predicted
Control Mean
60
------ Control SD
40
20 -
0 T ¥ N 1
1 - 10 100 ' 1000

Dose (uglkg)




Uterine Wet Weight (mg) .

58

140 -

120

¢ Observed
Predicted
Control Mean
------ Control SD

20

1 10 : 100 4 1000
Dose (ug/kg)




‘% Ddse in Uterus

0.20

.. 4--1.V. Saline
—— Subcutaneous Saline
— A~ ~Subcutaneous Oil

Hours




Hormone Equivalent Concentration (nM)

VS L
o

--4-- Jensen E2 dose Blood (equiv. nM)
—3¥— Jensen E3 dose Blood (equiv. nM)
-- ®-- Jensen E2 Uterus (equiv. nM)
—a—Jensen E3 Uterus (equiv. nM)




Early
Responses

Late
Respanses

<

E2 blood ———» Liver Metabolism
T‘L ~ E1, E3, conjugates

Estrogen
Receptor E2 uterus
Complex \

v\p ~Accessory

E2R Proteins

o ~ \ 4
Accessory Proteins  + (EQR)2 + EREs

r’APQ (E2R), ERE; APg (E2R), ERE; AP, (E2R), ERE, .
water - ftprogesterone cell cycle
~ retention | receptor . preparation
L proteins + RNA
r AP, (E2R), ERE,
cell cycle
prateins

_k L

cell proliferation




